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The impacts of habitat fragmentation and reduced population sizes on ecological processes deserve more attention. In this study we examine
pollination in rural and urban populations of Brunsvigia litoralis (Amaryllidaceae), an endangered endemic and a flagship species for plant
conservation in South Africa. B. litoralis has flowers conforming to the bird-pollination syndrome, but the only flower visitor at the urban sites,
the Greater Double-collared Sunbird (Cinnyris afra) (1.6 visits/flower/hour), is unable to access the nectar in the usual way due to a long perianth
tube (38.8 mm) and resorts to robbing. Supplemental hand pollination was used to test for pollen limitation of seed set at the urban sites flowers
were pollen-supplemented. Seed set in supplemented plants increased by more than an order of magnitude relative to controls. The longer-billed
Malachite Sunbird (Nectarinia famosa) was observed as the sole pollinator of B. litoralis at the rural site where seed set was significantly higher.
Although B. litoralis plants are long lived, the absence of pollinators in these urban fragments might place populations at an extinction risk.
© 2011 SAAB. Published by Elsevier B.V. All rights reserved.
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South Africa is renowned for its large number of red-listed
plant species with small population sizes on the one hand
(Raimondo et al., 2009) and for its highly specialized
pollination systems on the other (Johnson and Steiner, 2000;
Johnson et al., 2009). Specialized pollination systems are
predicted to be sensitive to anthropogenic disruption (Bond,
1994), while small population size is a frequent cause of
reduced fecundity (Lamont et al., 1993; Agren, 1996; Groom,
1998; Ward and Johnson, 2005). Nevertheless, few studies have
addressed the question of whether endangered South African⁎ Corresponding author at: South African National Biodiversity Institute,
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doi:10.1016/j.sajb.2011.06.007plants, which occur in small populations, suffer high levels of
pollinator-limited seed set. This question has important
management implications: if pollinators are indeed limiting
seed set in these endangered plants, fecundity can be enhanced
by pollinator conservation or hand pollination.
Birds are important pollinators of many rare South African
plants (Rebelo, 1987), but are also particularly sensitive to
environmental degradation, and are among the first species to be
lost from human impacted ecosystems (Turner, 1989; Saunders
et al., 1991; Lamont et al., 1993; Turner, 1996; Debinski and
Holt, 2000). Within the Cape Floristic Region avian nectar-
ivores are negatively affected by human structures like roads
(Geerts and Pauw, 2010) and demonstrate lower species
richness and density in very small fragments compared to
larger natural areas (Pauw, 2004; Fox and Hockey, 2007).
Within this avian nectar feeding guild, the Malachite Sunbird,
Nectarinia famosa (Linnaeus), is particularly sensitive to
anthropogenic influences and is seldom found in smallts reserved.
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penetrating deep into urban areas (Pauw, 2004). However,
Malachite Sunbirds are ecologically irreplaceable pollinators,
acting as the sole pollinator for a group of deep-flowered plant
species within the Cape flora (Geerts and Pauw, 2009). This
high degree of specialization among plants could potentially
increase the risk of pollination disruption in fragmented habitats
(Bond, 1994; Johnson and Steiner, 2000).
Natural habitats in the lowlands of the Cape Floristic Region
are highly fragmented by agriculture and urbanisation, but
effects on ecological processes have rarely been studied (but see
Donaldson et al., 2002; Pauw, 2007; Pauw and Bond, (2011)).
An important consequence of habitat fragmentation, which has
received relatively little attention, is the potential erosion of
biodiversity through the breakdown of pollination mutualisms
(Aizen and Feinsinger, 1994a,b; Steffan-Dewenter and
Tscharntke, 1999; Murren, 2002). Small populations of plants
are less attractive to pollinators and unable to support viable
populations of pollinating animals thereby reducing the chances
of pollination (Collins et al., 1984; Sih and Baltus, 1987;
Jennersten, 1988; Johnson, 1992; Lamont et al., 1993; Morgan,
1999). These effects are likely to be exacerbated in self-
incompatible animal-pollinated plant species dependent on a
pollen vector for seed set (Kearns et al., 1998; Cunningham,
2000; Wilcock and Neiland, 2002; Aguilar et al., 2006).
Brunsvigia litoralis R.A. Dyer is a narrow endemic to the
coastal lowlands of the Eastern Cape Province of South Africa
and is listed as Endangered according to the IUCN Red List
categories. Most of the remaining populations occur in small
fragments of coastal vegetation, often in a residential setting and
are threatened by urban expansion (Raimondo et al., 2009). A
spectacular inflorescence is produced in autumn (from February
to April) while the plant is in a leafless state. The flowers show
all the features indicative of bird pollination: flowers are
scentless, red, robust and tubular, and contain large volumes of
nectar with a low concentration (Faegri and Van der Pijl, 1979;
Proctor et al., 1996). Furthermore, the floral tube length of B.
litoralis suggests membership of the Malachite Sunbird
pollination guild (Geerts and Pauw, 2009), but this hypothesis
remains untested. In this study we test: (1) whether B. litoralis is
pollinated by Malachite Sunbirds, and (2) whether pollinator
specialization in this species is associated with pollinator-
limited seed set in small populations.
2. Methods
2.1. Study species
B. litoralis R.A.Dyer (Amaryllidaceae) occurs on coastal
sands from Cape St. Francis to Port Elizabeth (Eastern Cape,
South Africa) (Doutt, 1994; Snijman, 2002). Leaves are present
during the wet winter (May–September) and plants are leafless
during the dry summer (October–April). When flowering
(March–April), the umbellate inflorescences are easily seen
above the grasses in open fields among the low coastal shrubs of
the genera Sideroxylon, Searsia, and Cassine (Fig. 1a). Flower
morphology is similar to Brunsvigia orientalis (L.) Aiton exEckl. (Pauw, 2004) and Brunsvigia josephinae (Redouté) Ker
Gawl (pers. obs.). B. litoralis is a long-lived bulbous plant that
is unable to reproduce vegetatively belowground and therefore
depends entirely on seeds for reproduction (G. Duncan pers.
comm.). Seed set, in turn, is dependent on cross-pollination
because the plants are self-incompatible (Koopowitz, 1986;
cited in Doutt, 1994).
2.2. Study sites
We studied fragmented sites consisting of “habitat islands”
within expanding human settlements. In the flowering seasons
of 2006 and 2007 three sites located in a residential area at Cape
St Francis and two within the city of Port Elizabeth were studied
(henceforth “urban sites”). In 2007 we added an undisturbed site
in a large area of natural vegetation (henceforth “rural site”).
This is the largest known population and occurs within an
untransformed area (about 20 km2) at Rowallan Park on the
western outskirts of Port Elizabeth.
To determine the proportion of plants flowering, plants in
one fragment were marked with painted sticks in two previous
years. Only 16% of the marked plants flowered in 2006 (B.
Logie pers. com.), and this fraction is likely to be an
overestimate because small individuals are difficult to locate.
Population size of flowering plants (for 2006) were 11, 42 and
10 plants for Cape St Francis, 25 and 30 for the two urban
populations within Port Elizabeth, and an estimated 100–120
flowering plants for the rural population at Port Elizabeth.
2.3. Flower morphology and nectar
Tube length was measured in young flowers using a steel
ruler (n=20 flowers). Although tube length is the distance from
the base of the nectary to where the nectar chamber is sealed
(Fig. 1b), the perianth tube experienced by flower visitors is
effectively longer. Tube length was therefore measured from the
top of the ovary to where the petals no longer overlap. Nectar
was extracted early in the morning in the field (~9:00 AM) with
40 μl capillary tubes and the sugar concentration determined
with a Bellingham and Stanley 0–50% handheld refractometer
(n=5). The sample size is low because all other flowers were
robbed (see below).
2.4. Flower visitation and robbing rate
Detailed observations of the behaviour of flower visitors
were made at five urban populations (three at Cape St Francis;
two at Port Elizabeth) and one larger rural population (near Port
Elizabeth). This was done from a distance of ~10 m aided by
close focusing 8×40 binoculars. Flower visitors were only
recorded in the morning. At the urban sites in Cape St Francis
12 h of observations was conducted (7 h, 16–18 March 2006;
4 h, 9–10 March 2007; 1 h, 10 March 2007, relocation site). At
the urban sites in Port Elizabeth 2 h of observation were
conducted (7 March 2007); while at the nearby rural site 8 h of
observations (8, 9 March 2007) were made.
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stigma were recorded. However, many more hours were spent in
these populations while doing measurements and photography,
and although not formally recorded, bird behaviour conformed
to observations made during the formal observation periods. A
visit was scored as legitimate if there was contact with anthers
and/or stigma. Visitation rates were quantified by dividing the
number of visits observed per hour by the number of open
flowers in the census area to obtain visits per flower per hour. To
determine robbing rate, 50 flowers were haphazardly selected
across two urban sites in Cape St Francis and at the rural site in
Port Elizabeth. Robbing was confirmed by the presence of small
holes punctured in the perianth tube at the base of the corolla.
Limited observations were also conducted on two Port
Elizabeth urban fragments as well as an artificial population at
Cape St Francis. Local residents relocated B. litoralis from a site
earmarked for development, establishing a population of ~15
individuals.
2.5. Seed set
Individuals in two urban populations were marked and
randomly allocated to either a control (left unmanipulated) or a
pollen-supplemented (hand-pollinated) treatment in 2006. For
the pollen-supplemented treatment, an anther from another
plant, at least 10 m away, was brushed across the stigmatic
surface of each female flower on the inflorescence. Hand
pollination was repeated every second or third day during the
entire flowering period for all marked plants, to ensure
pollination of nearly 100% of the flowers.
The Cherry Spot moth (Diaphone eumela Stoll) and the Lily
Leaf Miner (Brithys crini Fabricius) consumed most capsules in
two and five inflorescences in 2006 and 2007 respectively at the
urban site and these were subsequently left out of the analysis.
At the rural site most inflorescences had on average twenty
percent of their capsules badly damaged through herbivory;
therefore to avoid further damage the inflorescences were
removed and kept in buckets with water.
There was no seed set data for the two Port Elizabeth urban
fragments or the artificial population at Cape St Francis
population, therefore these sites are excluded in further analysis.
To exclude possible effects due to seed set comparison over
different years, urban seed counts were repeated in 2007 for
comparison with the rural site. Differences in seed set between
hand-pollinated and open naturally pollinated flowers at the
urban sites (2006), and seed set between naturally pollinated
flowers from the urban and rural sites (2007) included many
zero values and were therefore compared with the nonparamet-
ric Mann–Whitney U-Test. All analyses were performed in
STATISTICA 9.0 (StatSoft, Inc. 2009, Tulsa, USA).
3. Results
3.1. Flower morphology and nectar
Morphological matching indicates that the perianth tube of
38.8±3.6 mm (mean±SD, n=20) is too long for a commonlyobserved visitor, the Greater Double-collared Sunbird (Cinnyris
afra Linnaeus), to reach the nectar in the normal way [Culmen
length (mm): female range: 20.1–26.3, average 24.5; male
range: 26.7–30.6, average 28.0 (Hockey et al., 2005)]. The
nectar is protected in a nectar chamber (Fig. 1b) and a longer
beak is needed to gain access to the nectar via the legitimate
entrance to the flower. B. litoralis is a typical bird-pollinated
plant with a high nectar volume of 28±9.7 μl (mean±SD) and a
low sugar concentration (16%).
3.2. Flower visitation and robbing rate
At the urban sites in Cape St. Francis, a total of 190 visits by
Greater Double-collared Sunbirds were observed as well as a
few visits by a dipteran that was attracted to the red petals of one
specific inflorescence. Greater Double-collared Sunbird visita-
tion rates averaged 0.27 visits/flower/hour in 2006 (no visits per
flower per hour for 2007). The birds failed to contact the
reproductive parts during all observed visits. 95.8% of the visits
consisted of primary nectar robbing (Inouye, 1980); a hole is
pierced at the base of the flower to gain access to the nectar (Fig.
1c, d). Ants, which visited the flowers subsequent to robbing,
also utilize these holes. When nectar is obtained without any
damage to the flower, but without contact to the reproductive
parts of the flower, it is known as thieving. This happened for
4.2% of the visits. This is achieved by entering the flower from
the side while perching on an adjacent flower. At the two Port
Elizabeth urban fragments and the artificial established
population at Cape St Francis no flower visitors were observed.
Absence of claw marks on pedicles is an indication that these
plants are very rarely, if ever, visited.
At the rural site the long-billed Malachite Sunbird was the
only flower visitor (0.5 visits/flower/hour) (Fig. 1e). No
illegitimate visits were recorded and pollen was transferred
between flowers on Malachite Sunbird foreheads (Fig. 1f).
At the urban sites robbing rate, determined as the percentage of
flowers with a pierced perianth, was 100% (N=90 flowers in
2006;N=50 flowers in 2007) (Fig. 1d) while at the rural site there
was no robbing (N=50 flowers in 2007). A mean of 25.2±10.1
(SD) flowers is produced per inflorescence (N=65 plants).
3.3. Seed set
There was no significant difference between seed set at the
two urban sites in 2006 or 2007 (4 and 7 open inflorescences in
2006, Z=0.47, P=0.64; 5 and 21 pollen-supplemented in-
florescences in 2006, Z=1.56, P=0.12, Mann–Whitney U-
Test; 10 and 10 open inflorescences in 2007, Z=0.034, P=0.96,
Mann–Whitney U-Test). To improve sample size these data
are pooled in subsequent analyses. Seed set of 0.77±0.49
(median±SD) seeds per capsule in Greater Double-collared
Sunbird visited flowers increased to 8.77±4.19 (median±SD)
seeds per capsule in pollen-supplemented plants (11 open in-
florescences, 26 pollen-supplemented inflorescences, Z=4.72,
Pb0.001, Mann–Whitney U-Test; inflorescences had on aver-
age 23 flowers) (Fig. 2). Compared to open flowers at the urban
sites (year 2007) seed set was significantly higher in the rural
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Fig. 1. (a) A young umbellate inflorescences of Brunsvigia litoralis. Inflorescence height approximately 50 cm. (b) B. litoralis corolla tube. The arrow indicates the
sealed nectar chamber. (c) A male Cinnyris afra (Greater Double-Collared Sunbird) robbing the nectar of a B. litoralis flower at an urban population (Cape St Francis).
(d) Holes pierced by C. afra to gain access to the nectar. Scale bar=5 mm. (e) Nectarinia famosa (Malachite Sunbird) pollinating a B. litoralis flower at the rural site.
(f) Pollen is visible on the head of N. famosa. Scale bar=10 mm in each case.
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Fig. 2. Median number of seeds per capsule (2006) between plants with hand-
pollinated and open flowers in urban Brunsvigia litoralis populations (Z=4.72,
pb0.001, Mann–Whitney U-Test). Numbers above bars = number of plants.
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Z=2.50, p=0.01, Mann–Whitney U-Test; inflorescences had
on average 26 flowers) (Fig. 3). Seed set on rural plants aver-
aged 1.56±1.13 (median±SD) seeds per capsule.
4. Discussion
The results show that the long-tubed flowers of B. litoralis
are specialized for pollination by the Malachite Sunbird,
N. famosa. At one site, Malachite Sunbirds were frequent
visitors to B. litoralis flowers. They followed a trap-lining
method, visiting each individual inflorescence a few times
daily, and fulfilled the role of pollination by making contact
with the anthers and stigma (Fig. 1). In contrast, the shorter-
billed Greater Double-collared Sunbird, C. afra, circumvented
the reproductive organs and did not fulfil the ecological role of
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Fig. 3. Comparison of median number of seeds per capsule (2007) between
unmanipulated Brunsvigia litoralis flowers in the urban and rural populations
(Z=2.50, p=0.01, Mann–Whitney U-Test). Numbers above bars = number of
plants.
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These findings are consistent with earlier work, which showed
that a large guild of plants in the Cape Floral Region is adapted
solely for pollination by Malachite Sunbirds (Geerts and Pauw,
2009). Here we extend this work by showing that Greater
Double-collared Sunbirds, which have bills that are merely
6 mm shorter than those of Malachite Sunbirds, are not able to
replace them as pollinators of a long-tubed plant species.
The high level of pollinator specificity in B. litoralis might
be an important consideration in the conservation management
of this endangered species (Bond, 1994). We observed strong
differences in the pollination ecology of the small urban
populations when compared with the single large rural
population. Malachite Sunbirds were the only visitors in the
large, rural population, while Greater Double-collared Sunbirds
were the only visitors in the small, urban populations. This had
two noticeable effects: firstly, evidence of flower robbing was
observed in all examined flowers in the small, urban
populations inside the town of Cape St. Francis, while no
such damage was observed in the large rural population;
secondly, seed set was significantly higher in the large, rural
population compared to the small, urban populations (Fig. 3).
Pollen supplementation by hand in small, urban populations
lead to a ten-fold increase in seed set (Fig. 2), indicating that the
relatively low seed set in small, urban populations is likely
attributable to differences in pollen limitation rather than to
nutrient or water limitation. Although direct evidence is lacking,
the high level of seed set following supplemental hand
pollination at urban sites suggests that seed set in the relatively
large rural population is also pollen limited. Thus, throughout
its range, seed production in B. litoralis may be limited by its
specialized pollinator (Lindberg and Olesen, 2001).
While low seed set in small populations might be a
consequence of population size rather than habitat fragmenta-
tion, habitat fragmentation unequivocally reduces population
size (Ward and Johnson, 2005). Unfortunately, only one large
population of B. litoralis remains. Thus it is impossible to
conduct a factorial statistical contrast to distinguish the effects
of urbanization from those of population size.The extent to which low levels of seed set are an immediate
conservation concern depends on the importance of seeds in the
demography of B. litoralis (Bond, 1994). For example, if
populations of B. litoralis are limited by density dependent
factors such as increased seed predation in dense populations,
an increase in seed set is unlikely to result in an increase in
population growth rate (Steffan-Dewenter and Tscharntke,
1999; Johnson et al., 2004). Although we did not quantify
herbivory in this study, a high level of seed predation in the
large, rural population is suggestive of density dependent
controls on population size (Antonovics and Levin, 1980).
Adult longevity is another important factor in assessing the
demographic importance of seeds for population persistence in
B. litoralis (Silvertown et al., 1993). On the one hand, extreme
longevity of genets is unlikely in this species because there is no
evidence for belowground vegetative reproduction (Pauw and
Hawkins, 2010; Pauw and Bond (2011)). On the other hand, the
large bulbs indicate that adults are probably able to live for
decades. Thus, the low levels of seed set observed in this study
might be sufficient to maintain population growth, but this
remains to be tested using demographic modelling.
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